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In 1947, in his classical paper on the thermoaynamic properties of
isotopic substances, H. C. Ureyl/ laid the foundation of modern isotope

geochemistry. At the same time, A. 0. Nierg/ designed a new mass spectrom-

eter which allowed the measurement of small differences in isotope abundance

ratios. A modification in the Nier-type mass spectrometer and a refinement
in instrumentation techniques by McKinney et a1§/ finally initiated stable
isotope studies of the type that will be discussed in this review.

The early work done in the field of stable carbon isotope biogeochem-

istry can be described as a reconnaissance survey, because little was

13

actually known at that time of the C'~ content in the various biological

and geological materials. This introductory chapter of isotope biogeochem-

istry was largely written by Baertschi&/, Craigéf, Landergrené/, Nier and

Gu]bransenZ/, Rankamagf, Westg/, and w1ckman19/.

A significant breakthrough in isotope research started about 1960.
Park and Epsteinll/ 12/ and Abelson and Hoeringlé/ discovered that photo-

synthetic carbon reduction may lable the various metabolic products differ-

ently. Both groups of authors realized the significance of this observation

for studies on the biosynthetic pathways of carbon and the geological carbon

cycle.
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Applying data by Bigeleisen—' on the relative reaction velocities
of isotopic molecules, Si]vermanlé/ and Sackett et a].lg/ showed that
thermal cracking of carbon-carbon bonds in various organic materials may
introduce isotope fractionation.

The present trend is to analyze pure and chemically well-defined
carbon compounds, and to study the isotope relationships between co-exist-
ing organic phases. This feature is analogous to the geochemist's ap-
proach, who is generally more interested in the element or isotope com-

position of individual minerals than in the chemistry of a homogenized

rock powder.

Scope of studies

There are a great number of specific problems, both in the field of
biology and geology, where carbon isotope data can be used profitably.
The significant application to biology Ties in the outline of biosynthetic
pathways through a comparison of isotope ratios in discrete biochemicals.
Inasmuch as organisms can be studied in their natural habitat, the advan-
tage of stable carbon isotope methods over radiocarbon techniques becomes
evident.

In geology on the other hand we are principally dealing with two
sets of problems. The first one is concerned with the diagenetic fate
of organic matter through geologic time; the second one tries to gain
more insight into the nature of primordial carbon in terrestrial and
extraterrestrial bodies.

As we proceed in our discussion, there will be ample opportunity to
see the intimate relationship between 1iving and fossil carbon-containing

compounds. Furthermore, we will notice that information on the distribution
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of carbon isotopes in all biological and geological material is essential
to understand the complex biogeochemical cycle of carbon through time and

space.

METHODS OF ANALYSIS

Combustion system for organic matter

The working gas of mass spectrometers is usually carbon dioxide.
Thus, samples require conversion of organic carbon to carbon dioxide,
and purification of the carbon dioxide from any contaminating gas con-
tained in the system. This is accomplished following a procedure outlined

by Craigﬁj.

Figure 1

The steps involved in the combustion of organic matter are illustrated
in Figure 1. The operation starts by placing the sample--if solid--in an
alundum boat in quantities sufficient to provide about 10-15 cc of carbon
dioxide. Carbonate-containing samples require acidification prior to com-
bustion. The boat is subsequently placed in a quartz-combustion tube which
is half-filled with copper oxide. After the system is closed and pumped
down to high vacuum, oxygen is admitted and combustion carried out to com-
pletion at temperatures in the neighborhood of 900° C. During combustion,
the generated gases are continously recycled via an electrically operated
Toepler pump to secure a total conversion of carbon monoxide to carbon
dioxide; a nitrogen cooled trap provides a simultaneous collection of car-

bon dioxide.
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Following a suggestion of Sackett and Thompsonlzj, the CO2 is passed
over hot (500° C) manganese dioxide and copper to remove contaminating
sulfur and nitrogen oxides. A set of cooled traps, filled with acetone-
dry ice and liquid nitrogen, finally separates the carbon dioxide from
any water or gas contaminant. The carbon dioxide yield can subsequently
be measured in a calibrated manometer, after which the gas is transferred
to a sample tube and ready for mass spectrometer analysis.

Where the sample is fluid, a variety of techniques have been pro-

posed for the extraction of the carbon compoundsE/ 18/ 13/ ZQ/.

Mass spectrometer analysis

The basic details of the commonly used mass spectrometer in stable
isotope work have been described by Nierg/. Improvements of the design§/
have increased the precision of the Nier instrument by more than 50 per-
cent.

The instrument is a 60° sector-type mass spectrometer and contains
a double collecting system. The analysis starts by feeding the CO2 sample
via a small gas leak into the mass spectrometer source which ionizes the
gas to C02+. The ions, after being accelerated in an electrostatic field
and focused along a single ion beam, have to pass through a magnetic
analyzer where they are separated according to their mass. The resolved
ion-beams, upon hitting a collector, become neutralized. The electric
current thereby released is electronically amplified and recorded on a
potentiometer.

The C]?’/C]2 ratio is determined by comparing mass 45 (C]3O]60]6)

12,16 16)

with mass 44 (C'“0'°0 Variations in the mass 45/44 ratio are meas-

ured relative to an isotopically known standard gas. Inasmuch as a



magnetically operated valve inlet-system allows a switchover from the
standard CO2 to the unknown CO2 gas in a matter of seconds, a rapid com-
parison of carbon isotope ratios of both gases under the same mass spec-

trometer source conditions is made possible.

Isotope standards

In the literature, the 013/612 ratios are reported in a number of
different ways. This is unfortunate because it makes it more difficult
to compare the results of the various authors. The reference scales
most frequently used include the Stockholm, NBS (National Bureau of
Standards) Nos. 20, 21, 22,Wellington, Nier-Solenhofen limestone, Basel,
and PDB-Chicago standards. In order to be consistent throughout th{s
survey, it was decided to select the most commonly used standard, i.e.,
the PDB-Chicago standard as a reference scale. All data reported dif-
ferently have been adjusted to the PDB standard using the appropriate

21/ 15/

conversion factors in order to facilitate comparison of published

information.

Thc \'ulbull ;Jvtupc dutu are Y‘eportEd as 5-Va]ues, Wh'iCh are deV'ia-
tions in parts per thousand (per mil) of the C]?’/C]2 ratios of the samples
from that of the CO2 obtained from the belemnite standard (Peedee Forma-

tion, Upper-Cretaceous, South Carolina), abbreviated PDB-standard, used

by the University of Chicago group§/ El/. §-values are defined by the
formula:

s = (-g-s -1) x 1000

R = C]3/C]2 ratios in the sample

Rg = C13/C‘]2 ratio in the standard



17 contributions to the mass 45-

Appropriate corrections for the 0
beam, the mixing error of smaple and standard at the analyzer tube inlet,
and the tailing of the mass 44 peak under the mass 45 peak are commonly

21,

applied The precision of the reported analyses is # 0.2 per mil or

better.

Sample material

This review is based on more than 5000 carbon isotope data which have
been Targely obtained from the literature. Unpublished results of more
than 500 analyses are also included in the figures; they have kindly been
made available by K. 0. Emery, R. L. Guillard, J. A. Hellebust, J. M. Hunt,
W. M. Sackett, H. G. Truper, and S. W. Watson.

The individual samples have been grouped into systematic classes of
compounds and have been plotted in form of cumulative frequency diagrams
(2 sigma range) to summarize the informations in a comprehensive form.

The diagrams can be found in the appendix.

—_—e———t 50T O R RACT O N AT ON—B T NC=MAT R

Photosynthesis

Essentially all living matter is directly (plants) or indirectly
(animals) a product of photosynthesis. Let us therefore, briefly con-
sider the main avenues of carbon reduction during this process and ear-
mark possible isotope fractionation barriers. For a comprehensive ac-

count on photosynthesis one may consult Calvin and Basshamgg{ Basshamgé/,

and Bonner and Varnergﬂ/.

1. Environmental effects

Plants extract inorganic carbon from two sources, (1) atmospheric
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carbon dioxide, and (2) dissolved CO2 and bicarbonate in the hydrosphere.
Whereas ocean and atmosphere are close to isotopic equilibrium, fresh
waters are generally in disequilibrium with air CO2 as a result of exces-

25/ 26/ 27/ 28/ Consequently, the carbon

12

sive biogenic CO2 contributions—
in the atmosphere and in fresh waters is generally enriched in C ~ relative
to carbon in the marine envrionment.

There is another isotope fractionation factor which may further

enhance the 6C13

gap between terrestrial and marine organisms. It is
well established that in gas molecules the velocities of isotopic species
are equal to the inverse square root of the molecular weights. For car-
bon dioxide we can write:

Velocity (C]2 16, ]6 \//- = 1.011
Velocity ((:130160]6 4

This implies that there are 1.1 percent more frequent collisions of mass
44 CO2 with a photosynthesizing leaf as compared with mass 45 CO2 encounters.

These facts infer that land plants may be substantially enriched in

12

C ~ relative to marine plants and preliminary data on the carbon isotope

distribution in marine and terrestrial organisms seemed to support this

5/

inference~ . Recently, however, more information on marine phytoplankton

has become available— 29/

in the 6C]3 range of marine plankton and common land plants. In view of

12

and there is no longer a difference recognizable

the apparent C'~ advantage of land plants, the new results represent a

major puzzle.

Figure 2
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It has been suggested§9/ that environmental effects may account for
some of the isotope fractionations observed in organisms. Recent datagg/
showing pronounced differences between warm water (low latitudes) and cold
water (high latitudes) marine plankton populations, underlined this idea.
It may be implied that either differekences in water temperature, length
of day, or in both factors are responsible for this phenomenon.
In order to test possible effects of water temperature and respira-

tion characteristics on the C]?’/C]2

ratio of marine plants, the carbon
isotope fractionation pattern of laboratory cultured plankton, grown under
controlled environmental conditions, was determinedgl/. Plants kept in
darkness for a few days change isotopically by as much as 5 per mil
(Figure 2). Concerning water temperature, a 7 per mil difference was
noticable between cultures grown at 10° and 30° C. In one experiment,

CO2 was admitted in Targe quantities to a growing plant population,
resulting in a lowering of the pH to about 6. In this case no tempera-
ture effects were noticable - and the isotope values at all temperature
levels corresponded to those found in plankton of cold water environments.
These results were tentatively interpreted to mean that in natural habitats

cold water marine plankton utilize largely free C02, whereas warm water

plankton prefer a C]3 enriched bicarbonate source.

Figure 3

It is too early to elaborate more extensively on other possible

environmental effects. The published isotope record is too scanty yet.



2. Metabolic effects

The first reaction of carbon dioxide reduction in photosynthesis
is a carboxylation reaction involving ribulose-1, 5-diphosphate and
3-phosphoroglyceric acid. From here a stepwise formation of various
sugars takes place and the monosaccharide conversion via phophorylated
derivatives will proceed. The available data suggests, that a subsequent
polysaccharide synthesis from mixtures of sugar nucleotides will not
result in a significant rearrangement of the individual carbon skeletons.
Let us now examine the carbon isotope relationship in this portion
of the photosynthetic carbon reduction cycle. Park and Epsteinll/ 12/
have shown that the enzymatic C02 fixation leading to PGA is accompanied
by a max. 17 per mil enrichment in C]Z. They concluded that this carboxyl-
ation step is the major metabolic effect controlling the carbon isotope
composition of the plant as a whole. It was further suggested that except
for the chloroform-extractable lipids, no other major biochemical com-
pound is labeled isotopically different from the total plant. Based on
work by Degens et a].gg/ different carbohydrates in an organism may show
different degrees of C]2 - enrichment relative to the starting COZ‘

Although individual sugars are spread over a wide 6C]3

range, total sugars
are isotopically identical to the plant as a whole.

The biosynthesis of amino acids follows a rather complex pattern.
Principally, intermediates of the glycolytic pathway (e.g. phosphoenol-
pyruvate, pyruvate) and the tricarboxylic acid cycle (e.g. a-ketoglutarate,

oxalacetate, glyoxalate) supply the necessary carbon skeletons from which

by reductive amination or transamination, amino acids arise, In view of
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the numerous ways at which carbon can be arranged in the TCA - cycle,
there is ample opportunity of carbon isotope fractionation.

13

Differences in sC'~ between the various amino acids in a protein

hydrolyzate are vividly displayed in a study by Abelson and Hoeringlé/.
The internal 6013 variations cover a range of about 17 per mil. Most

13

enriched in C'~ are serine, threonine, glycine and aspartic acid, whereas

the leucines and aromatic amino acids contain more C]z. 0f further signif-
icance is the observation that the carboxyl functions of amino acids are

generally enriched in C]3

by as much as 20 per mil relative to the remainder
of the molecule. This characteristic has great importance in the evalua-
tion of isotope data from ancient sediments. The internal isotope

fluctuations in the amino ‘acids is not reflected in the 6C13

of the total
protein which actually exhibits the same 6C13 content ab the associated
carbohydrate fraction. This implies that under conditions of steady photo-
synthesis, the material ba]ancé@of carbon isotopes will always remain a
constant; in most instances, the constant will be determined at the RuDP-
PGA barrier.

Lignin is a major biochemical compound in higher plants, but simple
intermediates, e.g. hydroxybenzoic acids, are known from many primitive
organisms. The theory has been advanced that certain cinnamic acid:'deriva-
tives are closely linked with the respiration of the cell, instead of being
only physical impregnations of the maturing cell. The starting point of
all phenylpropanoid compounds is either pheny]a]anine or tyrosine. Since

these two amino acids belong to the ones most enriched 1in C12

, this char-
acteristic will be reflected in the lignin fraction. Of cobrse, if the

lignin fraction of a plant represents 50 percent or more of the total
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organic matter, the isotope difference to the other biochemicals present
will be reduced for reasons of material balance.

The synthesis of 1ipid compounds involves the oxydation of pyruvate
to acetyl coenzyme A and carbon dioxide. From acetyl CoA the formation
of the various lipids proceeds. It has been demonstrated by many investi-
gators, e.g,ll/ 12/ 15/ that 1ipid materials tend to be enriched in C]2
by several per mil relative to the plant organic matter as a whole.

2

Parke has extended this knowledge by showing that the maximum fractiona-

tion between the individual fatty acids of an organism can amount to 4 per

12 enrichment

mil, and that different organisms display various orders of C
in 1ipids, i.e. about 4 to 15 per mil relative to the total plant.

There is another interesting aspect of 1lipid isotope chemistry worth
mentioning. It was observedll/ 2/ §g-/that an increase in lipids results

in a Towering of the 5C13

difference between lipid fraction and total
plant. This 1is probably linked to the glyoxylate cycle which is responsible
for the conversion of 1ipids to carbohydrates.

The major steps of carbon isotope fractionation during photosynthesis

are enumerated below. The Roman numerals I to VII indicate the positions

where the principal fractionation barriers exist (numbers in parenthesis

refer to the maximum fractionation in terms of 6C13):
I. Inorganic-organic boundary effects (7)
(uptake of CO, by the plant cytoplasm)
II. Carboxylation at the RuDP-PGA-level (17)
III. Sugar interconQersions (11)
IV. Amino acid interconversions (15)
V. Respiration (20)
VI. Fatty acid interconversions (4)

VII. Lipid-carbohydrate conversions (18)
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Reference body is sea water bicarbonate or atmospheric COZ' A

13

change in 8C'~ at step I is largely a function of environment (water vs.

air), and in the case of marine plants it is further controlled by water

temperature. The total 6C]3

range of step II is 17 units. This represents
the maximum fragtionation at the ribulose-1, 5-diphosphate/3-phosphoro-
glyceric acid 1evellll A brief outline of the photosynthetic carbon
fractionation at steps three to six has already been presented in our

discussion. It is noteworthy that the 6C13

in cellulose and Tignin will
remain unaltered since these compounds do not participate actively in
the metabolic turnover of carbon. The glyoxylate cycle (step VII),

counteracts the C]2

-enrichment introduced during respiration and 1ipid
formation, by converting faté into carbohydrates. A further isotope
homogenization may be accomplished via the glycolytic pathway which involves
the degradation of hexose to pyruvate (pentose shunt pathway), or via the
tricarboxylic acid cycle which acts as an incinerator for carbon skeletons.
As a consequence of these effects, 6C13 differences between coexisting
biochemical compounds become less pronounced.

Finally, the sum of the 6C13 drops across the various barriers must

13

be matched by an increase in 6C ~ at some other points. Zero potential

is obtained under steady state photosynthesis by translocation of CO2 dur-
ing assimilation, and the removal of CO2 during respiration; the CO2 hereby

released from the system is enriched in 6C13.

Figures 4 and 5
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The isotope composition in various types of living matfer have been
summarized in Figures 4 and 5. The diamond-shaped figures represent the
1 sigma values and are obtained from the more detailed diagrams included
in the appendix.

Studies on some marine chemautotrophs have 1nd1cated§ﬂ/ that they
too follow the reductive pentose phosphate cycle. Their source of carbon
and energy is solely carbon dioxide and ammonia, respectively. Inasmuch
as these organisms are generally considered the most probable precursors
of photosynthetic plants, their interest for biogeochemical studies is
apparent. The degree of C]z-enrichment in these nitrifying bacteria is
astounding; there is about twice the fractionation generally observed in
common marine plants. We presently do not know the reason for this char-
acteristic.

In contrast, marine sulfate reducers, grown on yeast and sodium
lactate, are isotopically only slightly different from their carbon sub-
strate (Fig. 5). Kaplan and Rittenberggg/, in relating the fractionation
effects to the carboxyl function of lactate, observe a preferential fixa-

12

tion of C'~ in sulfate reducing bacteria by a few per mil.

ISOTOPE DISTRIBUTION IN SEDIMENTS

Recent sediments

Organic matter in recent sediments has about the same isotopic com-

position as the organisms 1iving in the environment of deposition. The

13

mean 8C '~ of fresh water sediments amounts to -25, whereas marine muds

are generally 5 per mil heavier. Only the sediments deposited in river

13

estuaries show a terrestrial influence and &C ~ gradations can frequently
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be observed. To illustrate the type of gradation pattern that may occur,

13

the 6C'~ in near-shore sediments from the Mississippi Sound area is pre-

Figure 6

sented in Figure 6. The systematic decrease in C]2

with increasing
distance from the shore line can either be attributed to the lesser influ-
ence of land derived organic detritus, or the diminishing effect of 1ight
fresh water bicarbonate.

In comparing deep sea sediments with shetf deposits, the similarity

in 6C]3

values is striking and can only mean that contributions of organic
debris from land are of minor significance as soon as we leave the immedi-

ate environs of the river inlets, (Fig. 7).

Figure 7

Bacterial populations and burrowing organisms will not grossly modify

the sC'3

of recent sediments. Of course, their activities will result in
metabolic waste products, some of which subsequently give rise to so-called
humic materials. These compounds, however, are isotopically not widely
remote from the original bijochemicals. During the process of fermenta-
tion and decomposition, carbon dioxide and methane of widely different
isotopic composition are producedggé the isotope relationships displayed

in such a system are illustrated in Figure 17 (see appendix).

In conclusion, the 6C]3

in recent sediments is compatible with the
general biological and geological viewpoint that the bulk of the organic

debris contained in sedimentary deposits is derived from the local
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biological populations. Contributions of fresh water organic matter to
marine environments are negligable, and substantially restricted to the

small amounts of adsorbed organics on detrital clay minerals.

Ancient sediments

After the major nutrients such as proteins or non-cellulosic car-
bohydrates are eliminated from sediments largely by action of micro-
organisms or burrowing animals, the further diagenetic degradation of
organic matter is that of a slow inorganic maturation. This process
essentially involves the reduction in functional groups, breaking of
carbon-carbon bonds, and a reorganization of the resulting reaction pro-
ducts. Given sufficient time, all fossil organic matter will eventually
end up as C02, methane, and graphite. The question immediately arises:
what does this trend mean for the carbon isotope composition in the
varijous intermediate compounds?

It is well established, e.g.l&/ that the substitution of a heavy
for a light isotope lowers the vibrational frequencies and the zero point

1212

energy of a chemical bond. Consequently, to break a C "-C = bond should

]S-C]2 bond. Since energy differences

require less energy than to part a C
become more effective as the carbon-carbon bond dissociation energy in
organic molecules decreases, the extent of carbon isotope fractionation
will depend on the terminal bond dissociation energies and therefore,
vary accordingly.

Other factors important in the diagenetic fractionation of carbon
isotopes include the preferential elimination of C]3-rich compounds such

as proteins or carbohydrates in the early stages of diagenesis. Further-

more, a decarboxylation will cause a lowering of the C]3-content in the
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organic residue, while a C]3-enriched CO2 is simultaneously released.
And finally, isotope exchange reactions, for instance, between carbon
dioxide and methane, may produce fractionation effects. The isotopic
equilibrium constants for such simple systems can be calculated by means

5/

of spectroscopical data and techniques of statistical mechanics, e.g. =
14/ 31/

1. Coal

Coal is a product of former plant debris that has undergone severe
physical and chemical a1teration throughout geological history. For
chemical-structural reasons, 1jgnin is regarded the predominant biochemical
starting material for all coals. In essence, the bulk of the carbon is
organized in aromatic nuclei which contains mainly benzene, naphthalene,
diphenyl, and phenanthrene, or their multiples. A substantia] fraction

of the non-aromatic carbon is arranged in hydroaromatic rings.

Figure 8

In view of the extensive diagenetic alteration, it is quite remark-
able, that this process has not left any recognizable imprint in the
6C]3 of various coals. There is absolutely no correlation between isotopic
composition, degree of coalification, and geologic age of the coals (Fig.

13 5/

8). The data fall close to the mean of wood 6C ° of -25 per mil, e.g.™

38/ §2/. It appears, therefore, reasonable to assume that no isotopic
fractionation occurs during diagenesis, and that the former land plants
had essentially the same isotopic composition as modern wood specimens.

To further underline this conception, GC]3 data on thermo-metamorphosed

Tertiary coals are presented in Figure 9.
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Figure 9

Gases, that have been generated during the coalification include
principally methane and carbon dioxide. Relative to coal, methane is
highly enriched in C]Z, in contrast to CO2 which contains more C]3. In
view of the uniform carbon isotope distribution in coals of all ranks,
types, and ages, one has to assume that the isotopic composition of the
aromatic coal structure is inherited without isotopic fractionation from
former lignin precursors. It also implies that, whatever happens during
coalification, particularly in terms of CO2 and methane production, the

13 12 .

enrichment in C ~ in one compound must ba matched by a decrease in C © in

the other.

2. Petroleum and gases

Most crude o0il reservoirs occur in sediments which were deposited
under marine conditions. This was generally interpreted to mean, that
marine organisms represent the principal source for petroleum. With the
advance of carbon isotope biogeochemistry, this geologically reasonable
interpretation was partly abandoned in favor of a new hypothesis which
assumes large contributions of organic matter from land. In the follow-
ing discussion, however, we will present isotope information that agrees
with well-rooted principles of geology, i.e. 6C13-va1ues are constant

with a marine origin for most petroleum occurences.

Figure 10
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In this connection, a comparison of present-day marine plankton and
crude 0il is quite revealing. Analogous to the coal-wood relationships,
there is principally no isotope difference established between petroleum
and its proposed biological source (Fig. 10). The range of all crude oils
is identical to the range observed in marine plankton. This is particularly
so, if one considers 1ipid compounds as a major precursor of hydrocarbons.
Recent biological hydrocarbons and fatty acids obtained from marine plankton
(Blumer, pers. communication) fall in the sc!3 range of -25 to -26, which
is exactly the mean of all crude oils.

An interesting age relationship can be recognized. This phenomenon,
of course, may partly be due to biassed sampling, but the pattern exhibits
some sort of trend which may be related to biogeochemical processes. We
have previously seen that water temperature and respiration characteristics
control the carbon isotope composition of marine plankton. The isotope
variations observed in Figure 10 may thus be simply a function of paleo-
temperature fluctuations or perhaps due to changes in the length of day
during earth history. There is an alternative interpretation. Inasmuch
as the proportions of the various dissolved carbonate species in the sea
are pH dependant, even a slight change in the atmospheric CO2 pressure will
be reflected in the HCO3'+C03'2+ dissolved C0, relationships established
in the ocean. Consequently, phytoplankton may utilize either dissolved
C02, bicarbonate, or a mixture of both. One may tentatively suggest that
at Tow pH, dissolved CO2 is the principal inorganic carbon extracted dur-
ing photosynthesis, whereas at high pH bicarbonate or perhaps 003"2 will

be utilized. The maximum 6C]3 differences would amount to 7 per mil,
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The primary factors that control the isotopic carbon variation in
naturally occuring gases liberated from organic matter is determined by
the strength of therminal carbon-carbon bonds, the diagenetic temperature,
and the maturity of the parent materia]lg/. At temperatures below 100° C.
the carbon isotope fractionations in methane are considerable namely, 60
to 80 per mil; these values are in the same range as the bacterial CH4
fractionation data obtained during the fermentation of methano]ﬁg/.
Interpretations of carbon isotope values in methane, however, are com-
plicated by the fact that the gas may isotopically equilibrate with CO2
which commonly is highly enriched in C]3. The isotope exchange reaction
can be written:
12 13 - 13 12

C 0, +C H4 = (€70, +C

2 2 H

4

Following equations developed by Craig§/, and assuming that isotope
equilibrium is established in this system, effective temperatures can be
computed. Since the kinetics of this exchange are unknown, equilibrium
considerations are very difficult, e.g.l§/ a1/ ég/.

In conclusion, the carbon isotope data in crude oils are consistent
with the geological consensus that the biological source material for
petroleum is predominantly of marine origin. Age differences are attributed
to a number of influences which include fluctuations in water temperature,
photosynthetic CO2 fixation mechanisms, or pH effects. The general trend
of increasing paraffinicity with depth of burial or time, may also be

responsible for some of the variation in 6C13. The 6C13

in methane and
CO2 liberated in the course of petroleum formation, coalification, or
kerogenisation, is dependant on reaction rate differences and isotope ex-

change equilibria.
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3. Kerogen

Most fossil organic matter is found in shales, slates, and schists.
The quantity carried in sandstones and limestones is comparatively small.
In unmetamorphosed sediments, the term kerogen is frequently used for the
bulk of the finely disseminated organic matter insoluble in organic
solvents; in metamorphosed sediments, the organic compounds are more com-
monly named graphite.

Chemically, kerogen appears to be a denatured form of humic acid.
The loss in oxygen and nitrogen, and the gain in carbon when compared to
humic acids can essentially be linked to dehydration, decarboxylation,
loss of methoxyl and carbonyl groups, and deaminiation phenomena. Due to
the resulting increase in aromatic structures, kerogen becomes similar to

coal, and in the final stage, the organic residue will resemble graphite.

Figure 11

The carbon isotope composition of all ancient sediments of fresh water
and marine origin is close to -26, except for early Precambrian samples
that show more negative 6C13 values (Fig. 11). This relationship may mean
that environmental conditions in Precambrian time were somewhat different
from those established during later geological periods. In this connection,
it is noteworthy that marine chemautotrophs exhibit the same degree of

13/C]2

C difference to phytoplankton, as Precambrian rocks show to Paleozoic

and younger sediments. Since these chemautotrophs are considered the most

13 differences between Pre-

likely precursors of photosynthetic plants, &C
cambrian and younger rocks may possibly be explained this way. In all
instances, however, any of these tentative interpretations are highly specu-

lative and therefore should be taken cum grano salis.
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It was mentioned previously that marine 1ipids are spread over a

wide 6C13 range. Actually, however, significant 6C]3

differences to the
organism as a whole are only found in those cases, where the 1ipid content
is small. Since in general marine plankton has a high fat content (about
20 to 40 percent), isotope differences to the total plankton become small
for reasons which have previously been outlined. In this manner, the

83/ and Krejci-Graf and Wickman®® , who

observation of Eckelman et al.
found that crude oils and their associated shales have essentially the
same isotopic composition, may find its explanation.

Similar to coals, the finely disseminated organic matter in sediments
appears to be jsotopically unaffected in the course of diagenesis once the
early microbiological stage has passed. Even metamorphosis does not change
the isotope pattern of the carbonaceous material in a significant way as
was clearly demonstrated in studies on metamorphosed and unmetamorphosed

sediments from otherwise geologically identical samples and settingséf 38/

45/

PRIMORDIAL CARBON

Igneous rocks

13

There are several ways to obtain information on the 6C'~ of primordial

terrestrial carbon. One approach is a study of carbon associated with

igneous rocks. The other alternative involves a comparison of the 6C]3 in

gases associated with thermal areas. In doing so, a controversial picture

13

is obtained (Fig. 12). Namely, one set of data suggests a &C ~ of about

13

-4 to -8, whereas another set of data indicates a sC ~ of about -23 for

the primordial carbon isotope compbsition. However, the basalts, on which
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the figure of -23 was obtained, are possibly contaminated with biogenic

5/

carbon~ . Therefore, an independant check by another method is advisable.

Table 1

In Table 1, the carbon content in various biological and geological
materials is presented together with their mean 6C]3. It is apparent that
limestones and shales represent the only major exogenic sinks which take
care of magmatic carbon released during earth history. Taking the relative

proportions of carbonate and shale carbon into consideration, one can easily

13 13 value of -7 relative to

estimate the 6C'~ of their common source. A &C
PDB standard is obtained. In view of the close agreement between geological
estimates which are based on the relative abundance of shales, limestones

13 of -23

and sandstones, and the geochemical carbon balance (Table 1), a sC
for magmatic carbon as inferred from basalts becomes rather unlikely.
Instead, carbonatites, certain graphites, diamonds, and carbon dioxide from
thermal areas appear to be the closest representatives of magmatic carbon

(Fig. 12).

Figure 12

Unfortunately, little is known on the carbon isotope,distribution in
magmatic rocks, and studies in this direction are worth pursuing. For
instance, granites are supposed to have formed by crustal melting (anatexis);
if sediments have been granitized this way, this characteristic may still

13

be reflected in the 8C ~ of carbon in granite.
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Meteorites
Meteoritic carbon falls into three discrete groups, yet a certain
trend is noticeable (Fig. 13) i.e. the materials most enriched in carbon

13 values§g/ 51/. Carbonaceous chondrites

have in general the highest §C
(Type 1) have a mean 6013 that corresponds with terrestrial magmatic car-

bon, whereas normal chondrites fall into the range of land plants.

Figure 13

49/

In following a concept developed by Mason—' and others, it is con-
ceivable that carbonaceous chondrites (Type I) represent primitive materi-
als, perhaps aggregates of dust from the primordial solar nebula, from
which other chondrites were formed by a thermal metamorphism. This would
result in partial or complete loss of volatile compounds and a lowering
of the carbon content. Such a loss may be accompanied by isotope fractiona-
tion of the kind observed in Figure 13.

In this context, the observation by C1ayton§§/, showing an about 60
per mil enrichment in C]3 in meteoritic dolomites over the associated
organic carbon, is quite revealing. This fractionation is in the right
direction, if we assume that a decarboxylation mechanism yielded a CO2

enriched in 6C]3

which subsequently was used as a source in the dolomite
formation. One may also propose that, different from earth, the produc-
tion of organic carbon exceeded by far the formation of carbonates, which
actually came late in the history of the carbonaceous chrondrites. That
is at a time when the residual carbon pool may already have been highly

enriched in 013, due to a slight preference of C]2 -extraction during the

inorganic synthesis of carbon-containing molecules. So far, dolomites
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are only known from carbonaceous chondrites, and in all probability a
cause and effect relationship between organic matter and carbonates may
be anticipated.

Many papers have appeared recently which assume a biogenic origin
for the organic matter contained in carbonaceous chondrites. The idea
has even been put forward that photosynthetic organisms were principally
involved in the production of this extraterrestrial organic material.
Here is not the place to review these claims critically, but the close

agreement between the 6C13

in terrestrial magmatic carbon and in the
Type 1 carbonaceous chondrite should make everybody aware that isotope
data do by no means support such inference, but that they are more in

line with an abiotic origin of meteoritic carbon.

SUMMARY
A1l isotope information pertinent for the reconstruction of the carbon
cycle in nature have been summarized in Figure 14. We postulate a 6013
of -7 for the magmatic carbon source. This is essentially the same isotope
composition presently displayed in the atmosphere. In this way, significant
amounts of carbon contributions by volcanic gases will only change the
partial C02 pressure and eventually the pH in sea water, but hot the isotope
composition of atmosphere and hydrosphere.

The uniform isotope ratios for all post-Precambrian carbonates and
organics can only mean that we are dealing with a rather delicate biochem-
ical system, where the production of organic matter and the formation of
lTimestones is in a well-balanced state. From the wider range in the isotope

composition of Precambrian organic matter, we may infer that the carbon

cycle was still in a state of flux and thus in "disequilibrium."
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Figure 14

Diagenesis and metamorphosis will not alter the isotope composition
of the organic matter to a large extent. A complete melting and exchange
with magmatic carbon is required to erase the isotope record which prin-

cipally was fixed during photosynthesis.

ACKNOWLEDGMENTS

This research represents part of a program at the Woods Hole Oceanog-
raphic Institution concerned with the stable isotope distribution in geo-
logical and biological systems, headed by John M. Hunt. His advice and
encouragement in the course of this endeavour is gratefully acknowledged.
I wish to express sincere appreciation to my biological colleagues at the
Institute in particular, John H. Ryther, H. G. Triper, S. W. Watson,
J. A. Hellebust, and R. R. L. Guillard who stimulated and guided the research
efforts in discussions and by active participation. To D. W. Spencer, I
extend my gratitude for critically reading the manuscript and to J. Matheja

for advice in the presentation of the data.

|

The work was sponsored by the National Aeronautics and Space Adminis-
tration and by a grant from the Petroleum Research Fund administered by the
American Chemical Society. Grateful acknowledgment is hereby made to NASA

and the donors of said fund.

APPENDIX
This chapter comprises a collection of all carbon isotope data which

have been used in the preceeding discussion. The more than 5000 individual
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analyses have been grouped in such a way as to facilitate a convenient com-
parison of the various samples (Figs. 15-21). The Tist of publications
from which the isotope data were obtained include more than 400 titles.

The author regrets that due to lack of space no proper credit can be given
here to all sources of information. A complete list of references, however,

may be obtained by writing to the author.

Figures 15 to 21
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TABLE 1
BIOGEOCHEMICAL BALANCE OF CARBONYS/. 47/ 48/

31

oIy 5c!3
Carbonates (calcite + dolomite) 2340 0
Shales and Sandstones 633 -26
Coals 1.1 -25
Petroleum 0.035 -26
Ocean (HCO,™ + €0,7% + dissolved C0,) 7.5 0
Atmospheric CO2 0.125 -7
Living matter (land) 0.054 -25
Living matter (marine) 0.00005 -20
Mean (magmatic carbon) -7

* gram per square centimeter earth surface
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CUMULATIVE FREQUENCY IN PERCENT

12 s so 95 9099
A PR SR T S % PR 1 1 A -36
- -34
- ~32
- -30
L 28
- - 26
NORMAL CHONDRITES | o4
(2)
L —22
GRAPHITE (SCHISTS) 20 o,
——(128) o
--18
VOLCANIC ROCKS
—(9) - - 16
- - 14
L - 12
CHONDRITES TYPE II
——(6) - - 10
MAGMATIC CO;
GRAPHITE (16) -8
€O, THERMAL AREAS
—(18) - -6
CARB. CHONDRITES
TYPE I (12) L _4
DIAMONDS |
—(47) |
CARBONATITES 1 -2
——(48) }
R e o T SNS———
99 98 93 50 s 2 q

Figure 21

-



